Abstract: Yield models are important for effective forest management and as such were developed for the University of Benin Gmelina arborea plantation, Nigeria. The objectives of the study were to develop, evaluate and compare predictions from some non-linear models for timber volume estimation. A total of nine non-linear models comprising of three models each for weibull, logistic and log-normal models were developed using the three independent variables combinations (Basal area and merchantable height, diameter at base and merchantable height, diameter at middle and merchantable height). The assessment criteria (correlation coefficient (R), coefficient of determination (R 2 ), standard error of estimate (SE)) with the validation results (using percentage bias and probability plots of residuals) showed that all categories of weibull and logistic models generated in this study discovered to be very adequate for tree volume estimation. The highest R 2 (93.80), lowest SE (0.25) and lowest bias% (1.29) in the study were achieved from Weibull model 1a. The log-normal models were the least adequate for tree volume estimation with the highest bias%. The one way analysis of variance revealed that there were no significant differences in the performance of the non-linear models when varying predictor variables were used. The weibull, logistic models were therefore recommended for further use in this ecosystem and in any other forest ecosystem with similar site condition.
INTRODUCTION
Forest is long-lived dynamics biological systems that are continuously changing. It is often necessary to project these changes in order to obtain relevant information for sound decision making. In forestry, this information is acquired by means of forest inventories; systems for measuring the extent, quality and condition of forest (Husch et al., 2003) .The main reason for conducting forest inventory either in the plantations or natural forest ecosystem is to estimate timber volume of the plots installed in the entire stand. For timber production, estimates of the growing stock are often expressed in terms of timber volume, which can be estimated from easily measurable dimensions of the tree. The most common procedure for volume estimation is to use volume equations, which are based on the relationship between volume and variables such as diameter, height etc. and other tree characteristics, which can be used in predicting tree volume. The assessment of stem volume is of high interest in forest management and is becoming of great global interest; for instance, in the context of Kyoto protocol rules, it is used in accounting for both absorbed and stored amount of CO 2 by trees (Lindner and Karjalainen, 2007) . According to Avery and Burkhart (2002) , volume equations are used to estimate average content of standing trees of various sizes and species. The reliability of volume estimates depends on the range and extent of the available sample data, and how well volume equations fit this sample data. The University forest plantation was originally established with the sole aim of teaching and research purposes and improving the conservation and maintenance of the soil productivity, but it is now used as a production forest without neglect to the original objectives. It is therefore important that information on present yield is always available for effective management and planning. The cost of remeasurement of trees is high and hence the use of models for estimating volume becomes important. In the light of this it is important to update inventories, predict future yield and to explore management alternatives and silvicultural options in order to provide information for decision-making. In view of these, information on models for predicting yield will be valuable for a sustainable forest management decision-making. For example, Forest resources managers require tree volume information to produce yield estimates for timber inventory and improve forest management decision-making (Peng,1999) . The objective of this study was to develop, evaluate and compare some non-linear models for predicting the yield of University of Benin Gmelina arborea plantation. (UNIBEN Master Plan, 1993) . The Forest plantation is in the rainforest zone of Edo state, south-south, Nigeria. The rainforest is known for the bi-seasonal climate, which is the wet and dry season and it is generally moist because there is no prolonged period of drought. More importantly, precipitation usually exceeds or equals the potential evapotranspiration so that a shortage of soil moisture does not reasonably inhibit plant growth (Nwoboshi,1982) . The university possesses an annual rainfall of 1500m. The humidity is also high and uniform ranging from 75% (afternoon) to 95% (morning). The topography of the area is gently slope eastward. The geology of the plantation consists of relatively thick layer of sedimentary sand and sandy clay of tertiary age (UNIBEN Master Plan, 1993) . The sampling technique adopted for plot location is the systematic sampling. Seven sample plots were systematically selected from the G.arborea stand. The following tree data were collected in each sample plot: dbh (stem diameter at a position of 1.3 m above the ground level), diameters over bark at the base, middle and merchantable top, merchantable and total height. Dt Dm Db H π height, model using diameter at the base and merchantable height, model using diameter at middle and merchantable height). Non-Linear models Weibull model: Ratkowsky (1983) and Myers (1986) Where SV=Stem Volume; MHT=Merchantable Height; X= Independent variable; β 0, β 1 and β 2 = parameters. Stem volume was the predicted variable. The predictor variables include merchantable height, basal area, diameter at the base and diameter at the middle. The merchantable height was used for all models in the study but the basal area was surrogated with diameter at the base and diameter at the middle. This resulted in 3 model types Model 1: Weibull model: . All these models are intrinsically nonlinear regression models. Assessment of the models: The volume models were assessed with the view of recommending those with good fit for further uses. The following statistical criteria will be used: Significance of regression (F-ratio), multiple correlation coefficient (R), coefficient of determination (R 2 ). Validations of the models: This was achieved by comparing the models' output with values observed on the field. The validation process examines the usefulness or validity of the models (Marshall and Northway, 1993) . The entire field data were divided into two sets. The first set (calibrating set) and the second the validation set. The calibrating set is used to construct the models while the validation set is used to test them. To test the accuracy of the yield models, the models were estimated with 20% of the plots randomly selected from the 20 plots available. The model was then used to predict the state of the remaining plots at the time of their current measurement, given their state at the previous inventory. For models with good fit, the intercept must be close to 0 and the slope close to 1, the model must be significant and highly correlated, coefficient of determination value must be very high and the standard of error of estimate must be small values (Onyekwelu and Akindele, 1995; Adekunle et al., 2004) . Percentage bias estimation: The absolute percentage difference (% bias) was determined by dividing the difference between volumes obtained with Newtons formula (observed volume) and models output by the same observed volume and multiplied by 100. %Bias = (Vp-Vo)/Vo ........………………………15 Where: V o = The observed volume, V p = The predicted volume (models output). The value must be relatively small for the model to be acceptable for management purpose.
MATERIALS AND METHODS
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RESULTS AND DISCUSSION
Preliminary analysis: Descriptive statistics for the G. arborea stand (Table 1) showed that basal area ranged from 0.076m 2 to 0.230m 2 , stem volume ranged from 0.820m 3 to 3.600m 3 , merchantable height ranged from 6.57 to 17.07m and diameter at breast height ranged from 0.23m to 1.70m. The mean stem volume, mean basal area and mean merchantable height were 1.473m 3 , 0.106m 2 and 14.447m, respectively. Assessment of models: All weibull models in the study (Table 2) were discovered to have good fit even when different independent variables (Basal area, diameter at the base and diameter at the middle) were used. This is as a result of the high correlation coefficient (R) and coefficient of determination (R 2 ) values, small standard error of estimate and significant f-ratio (p<0.05) obtained. The R 2 and R values for the models in the G. arborea stand were 0.926 and 0.962 (model 1a), 0.856 and 0.925 (model 1b) and 0.811 and 0.900 (model 1c), respectively. The standard error (SE) ranged from 0.005 to 0.551.The logistic models in the study (Table 3 ) was discovered to also have good fit. The R 2 and R values recorded for the logistic models were 0.720 and 0.849 (model 2a), 0.700 and 0.837 (model 2b) and 0.598 and 0.774 (model 2c), respectively. The SE of estimate ranged from 0.001 to 2.096. However, the log-normal models (Table 4) 
Comparative assessment and validation of models types with varying predictive variables:
The comparative assessment of the performance of the various model type (Basal area, diameter at base and diameter at middle) used in developing the non-linear equations (Weibull, logistic, log-normal) is showed in table 5. It was observed that there was no significant difference in the performance of yield prediction for three models combinations (Basal area and merchantable height, diameter at base and merchantable height, diameter at middle and merchantable height) for each of weibull, logistic and log-normal models at 5% level of significance. Generally, the highest value of percentage biases when the output of each model was compared with the observed volume was 28.262% (model 3b) across all the models (Table 6 ). For the weibull models, the range of the bias (%) was 1.290, 3.327 and 2.648 for model 1a, 1b and 1c, respectively. The logistic model had the values of bias (%) ranged from 1.426 (model 2c) to 3.870 (model 2b) while for the log-normal models, the percentage biases were 17.719 (3a), 28.262 (3b), 11.81(3c). According to Adekunle (2007) non-linear models were discovered to be very adequate for yield estimation in lowland rainforest ecosystem. This is a further confirmation to the use of non-linear models in this study. The assessment criteria revealed that all weibull and logistic models were very suitable for tree volume estimation in the plantation except the log-normal models. These models were similar to those used by Yaoxiang et al. (2011) for Predict Stem Cumulative Biomass of Standing Trees and Yevide et al.,(2014) for some plantation species also. In their studies, age was used as independent variable as Vanclay (1994) noted that there is no best method for forest growth models, this study therefore surrogated age with basal area, diameter at the base and middle. VanderSchaaf (2008) also replaced age with diameter and height during model generation in their studies. The indices of fit, which are the coefficient of multiple correlation and coefficient of determination (R and R 2 , respectively), for all models except the log-normal models were very high. During validation with simple linear regression equations (comparison of models outputs with observed volume), the intercepts (b o ) were very close to zero while the slope coefficients were very close to 1. Also, the index of fit, R and R 2 values were high and significant F-ratio at P≤0.05 was obtained. The standard error of estimate is a good measure of overall predictive value of regression equations (Akindele and LeMay, 2006) . It is also a common measure of goodness of fit in nonlinear regression models (Glantz and Slinker, 2001) variable combination using weibull also gave close estimates of the yield prediction. This therefore means that diameter at the middle and other growth variables should be considered in further studies when developing models for yield prediction. Although the result of the one way analysis of variance showed that there was no significant difference (P>0.05) in fitting different independent variables in the non-linear models. This might be due to the fact that variation in diameter at various points (taper) on an individual tree is small as a result of the uniform spacing and even aged stands that characterized the forest plantation in the study. This would be revealed if further studies are carried out in a natural forest.
Conclusion
Non-linear models for volume estimation was developed and validated for G. arborea at the University of Benin forest plantation. The tree growth data were collected from sample plots in the study area. Based on the evaluation of the models examined in this study the weibull and logistic models were found to be more suitable and fit for volume prediction. However the best timber volume predictions was achieved from weibull model 1a. The log-normal models which gave the three highest bias% were the least adequate for yield estimation of the three models. Development of statistical models for growth and yield relationships of economic tree species is an essential preliminary step towards the implementation of sustainable forest management. The yield models developed in this study gave reasonable precise estimates of volume and is recommended for use in the management of the University of Benin Plantation and will serve as a framework for future data collection, management and analysis.
